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Abstract. Newly discovered physico-chemical mechanism of the mutagenic
tautomerisation of the long A-G and short C-T Watson-Crick DNA base mispairs was revealed
for the first time. Tautomerisation of each mismatch occurs via four topologically and
energetically different ways through highly stable transition states — H-bonded tight ion pairs
containing protonated and deprotonated bases. These processes are accompanied by a
significant rebuilding of the base mispairs with Watson-Crick architecture into the mismatches
wobbled towards both minor and major DNA grooves and vice versa. Moreover, it was
established that these tautomerisation reactions occur non-dissociatively and are accompanied
by the consequent replacement of the unique patterns of the intermolecular specific interactions
along IRC. Finally, we briefly discuss the possible biological significance of the obtained
results for clarifying the microstructural foundations of the origin of the spontaneous point

mutations within the framework of the classical Watson-Crick tautomeric hypothesis.
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Introduction.

A special place among all incorrect DNA base pairs — the "culprits" of the occurrence of
the spontaneous point mutations [1-4] — is occupied by two base pairs — the so-called long A-G
and short C-T [5-12] pairs with Watson-Crick molecular architecture of the binding between
bases [13,14]. The DNA bases, that form the A-G and C-T DNA base mispairs, are in the main
tautomeric form [15-17] in contrast to the other mispairs. Notably, extension efficiencies for the
mismatched base pairs presented by Goodman M. et al. [18] constitute 10*+10/10" for the
C(template)- T(primer)/T-C-mispairs, respectively, while for the G-A/A-G mismatches they are
less than 10" comparably to the canonical A-T Watson-Crick DNA base pair.

We have previously investigated in details the process of the DPT tautomerisation of these
pairs as their intrinsic property [11,12], which is important in terms of the mutations fixation in
the subsequent rounds of DNA replication. As a result, we have concluded that dissociation of
the Watson-Crick-like A-G [11] and C-T [12] mispairs into the isolated monomers by DNA
replication machinery proceeds without changing of their tautomeric status. However, this
conclusion is valid if and only if the DPT tautomerisation of the aforementioned pairs occurs
via the classical Lowdin’s mechanism [19,20].

In this paper, we describe for the first time new mechanism of the mutagenic
tautomerisation, combined by proton transfer and shifting of the bases relatively to each other,
of the long A-G and short C-T DNA base mispairs with Watson-Crick (WC) architecture.
During this tautomeric conversion the Watson-Crick-like base pairs undergo large-scale
structural changes to adopt wobble (w) geometry. Characteristic difference of this novel
mechanism from the Lowdin’s mechanism consists in the fact that the mutagenic
tautomerisation of the pairs is accompanied by a significant changes in their geometry, namely
by the transition into the wobble configuration, and is carried out through the highly stable
transition states (TS) [21,22] A™G, AG’, C"T and C-T' (signs “+” and “~” denote
protonated and deprotonated DNA bases, respectively). Obtained data shed light on the nature
of the spontaneous point A-G/G-A and C-T/T-C replication errors in DNA, when for one
reason or another [13,14,19,20] complementary DNA bases randomly change their canonical

tautomeric status into the mutagenic during DNA replication. Results presented in this paper
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can broaden our outlook and provide valuable insights into the mechanisms of the origin of the

spontaneous point replication errors at the atomistic level.

Computational Methods.

All calculations of the geometries and harmonic vibrational frequencies of the considered
base mispairs and transition states of their conversion have been performed using Gaussian’09
package [23] at the B3LYP DFT/6-311++G(d,p) level of theory [24-26], that has been applied
for analogous systems and verified to give accurate geometrical structures, normal mode
frequencies, barrier heights and characteristics of intermolecular H-bonds [27,28]. A scaling
factor that is equal to 0.9668 has been applied in the present work for the correction of the
harmonic frequencies of all studied base pairs [29,30]. We have confirmed the minima and TS,
located by means of Synchronous Transit-guided Quasi-Newton method [31,32], on the
potential energy landscape by the absence or presence, respectively, of the imaginary frequency
in the vibrational spectra of the complex.

In order to consider electronic correlation effects as accurately as possible, we followed
geometry optimizations with single point energy calculations using MP2 functional [33] and a
wide variety of basis sets, in particular, Pople’s basis sets of valence triple-C quality [34,35], as
well as Dunning’s cc-type basis sets [36], augmented with polarization and/or diffuse functions:
6-311++G(2df,pd), 6-311++G(3df,2pd), cc-pVTZ and cc-pVQZ.

Reaction pathways have been established by following intrinsic reaction coordinate (IRC)
in the forward and reverse directions from each TS using Hessian-based predictor-corrector
integration algorithm [37,38] with tight convergence criteria. These calculations eventually
ensure that the proper reaction pathway, connecting the expected reactants and products on
each side of the TS, has been found. We’ve have investigated the evolution of the energetic and
geometric characteristics of the H-bonds and base pairs along the reaction pathway establishing
them at each point of the IRC [28,29].

Electronic interaction energies E;; have been calculated at the MP2/6-311++G(2df,pd)
level of theory as the difference between the total energy of the base mispair and the energies of
the isolated monomers. Gibbs free energy of interaction has been obtained using similar
equation. In each case the interaction energy was corrected for the basis set superposition error

(BSSE) [39,40] through the counterpoise procedure [41,42].
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The Gibbs free energy G for all structures was obtained in the following way:

G=E.+E.ox, (1)

where E — electronic energy, while E.,; — thermal correction. We applied the standard TS
theory [43] to estimate the activation barriers of the tautomerisation reaction.

The time 799 90, necessary to reach 99.9% of the equilibrium concentration of the reactant
and product in the system of reversible first-order forward (k) and reverse (k,) reactions can be

estimated by formula [43]:

. _ n10?
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To estimate the values of the rate constants kand £,
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we applied standard TS theory [43], in which quantum tunneling effect are accounted by
Wigner’s tunneling correction [44], that has been successfully used for the DPT reactions [45-

47]:

sl @

where kz — Boltzmann’s constant, # — Planck’s constant, 44Gy, — Gibbs free energy of
activation for the tautomerisation reaction in the forward (f) and reverse (») directions, v; —
magnitude of the imaginary frequency associated with the vibrational mode at the TSs.

Bader's quantum theory of Atoms in Molecules (QTAIM) was applied to analyse the
electron density distribution [48]. The topology of the electron density was analysed using
AIMAII program package [49] with all default options. The presence of a bond critical point
(BCP), namely the so-called (3,-1) BCP, and a bond path between hydrogen donor and
acceptor, as well as the positive value of the Laplacian at this BCP (Ap>0), were considered as
criteria for the H-bond formation [50,51]. Wave functions were obtained at the level of theory
used for geometry optimisation.

The energies of the N2H---HC2 dihydrogen (DH) bond [11,52] in the A-G(WC) base
mispair, the N2'H---HC2" DH-bond in the TS %"y.gwcioarayow transition state, the weak
C2H--O6 H-bond in the A*-G(w) mismatch, the attractive [12] O2---O2 van der Waals
contacts in the C-T(WC), C*-T*(WC) base mispairs and TSc.rwcyoc*#wc) transition state, and

4
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also the attractive [12] O2"---N3" van der Waals contact in the TS“" cyweyoci(w) transition
state were calculated by the empirical Espinosa-Molins-Lecomte (EML) formula [53-54] based
on the electron density distribution at the (3,-1) BCPs of the H-bonds:

ENp-tic' #-1C rcti-0/0-0/0" N =0.5-V (1), (5)

where V(r) — value of a local potential energy at the (3,-1) BCP.

The energies of the N4H:-N3 and N3H:-N3 H-bonds in the TScsrywoc 02w and
TScrweoyocxr+we) transition states, respectively, containing loosened covalent bridges were
estimated by the Nikolaienko-Bulavin-Hovorun formula [55]:

Enp..y=2.03+225p, (6)

where p — the electron density at the (3,-1) BCP of the H-bond.

The energies of all others AH---B conventional H-bonds were evaluated by the empirical

logansen’s formula [56]:
E ;.5 =033-/Av—-40 (7)

where Av — magnitude of the frequency shift of the stretching mode of the AH H-bonded
group involved in the AH---B H-bond relatively the unbound group. The partial deuteration
was applied to minimize the effect of vibrational resonances [45,46].

One and the same values of the v frequency and d,y distances shifts have been observed
for the different H-bonds in the TSC"“C.T(WC)HC*.MW) and TSC+.T_C*-T*(WC)<—>C*~TT(W) transition
states, since they involve joint O4 H/N3"H/N4'H donor groups. The same data have been
observed for the various H-bonds in the TS 9 xgwormaraiw and TS T acwersacew)
transition states containing mutual N6 'H/N1"H donor groups.

The atomic numbering scheme for the DNA bases is conventional [57].

Results and their discussion.

First of all, before proceeding to the presentation of the obtained results and their
discussion, we would like to generally outline ideas, which have encouraged us for the
discovery of the new mechanism of the mutagenic tautomerisation via the sequential DPT
accompanied with structural rearrangements of the DNA bases within the A-G and C-T base
mispairs with Watson-Crick type of the H-bonding. It is known for certain that canonical DNA
bases — adenine (A), guanine (G), cytosine (C) and thymine (T) — are able, in principle, to
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transfer from the canonical into the mutagenic tautomeric form by intramolecular migration of
the amino proton of the A and C bases to the neighboring N1 or N3 nitrogen atoms,
respectively, or by intramolecular migration of the imino proton of the G and T bases to the
neighboring O6 and O4 oxygen atoms, respectively [58-64]. However, these tautomeric
transitions occur quite slowly (~10'°+10%° s), even in comparison with the time of the DNA
replication in the cell (~10° s [65,66]), since very high activation energy barriers (3246
kcal-mol™) correspond to such conversions [58,60,63,64]. We have hypothesized [21,22] that
each of the canonical DNA bases in the considered A-G and C-T DNA base mispairs can
catalyze mutagenic tautomerisation of the "complementary" base, firstly nipping off the
migrating proton, then shifting relatively other base within the base pair into the major or minor
groove sides of the DNA helix and adding this mobile or other acidic proton to the neighboring
nitrogen or oxygen atoms of the "complementary" base. It is quite natural to expect that
transition states of these processes would represent itself highly stable structures [21,22],
namely A"-G, A-G", C"*T and C -T  H-bonded tight ion pairs, geometry of which is no
longer Watson-Crick, but is not yet wobble.

1. Mutagenic tautomerisation of the long A-G Watson-Crick DNA base mispair.

Tautomerisation processes of this long pair induce transfer of both A and G bases (but
independently from each other) into the mutagenic A* and G* tautomeric forms, accordingly:
at this four different H-bonded A-G* (w), A-G*y(w), A*-G|(w) and A*-G(w) pairs with
wobble architecture are formed (Fig. 1). This number of the tautomerised pairs is not accidental
— on the one hand, it is associated with the number of the acidic protons in each base pair, that
are able to migrate one after another from one base to another (two of them represent itself
amino proton at the N6 nitrogen atom of the A base and imino proton at the N1 nitrogen atom
of the G base) forming in such a way a highly stable structure corresponding to the TS, and, on
the other hand, with the number of the terminal, tautomerised wobble configurations involving
mutagenic tautomers (this amount — 2 — can be also explained by the number of the DNA
grooves, where one of the bases may shift relatively other base during this process of the
mutagenic tautomerisation).

Among two different pathways of the mutagenic tautomerisation of the A-G(WC) DNA
base mispair, in particular A-G(WC)—A-G* (w) and A-G(WC)—A -G*y(w), first of them is

6
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much faster than the other and therefore is appealing from the biological point of view (Figs. 1,
2 and Tables 1, 2, S1, S2). This A-G(WC)—A-G* (w) tautomeric conversion is initiated by the
proton transfer at the N1 nitrogen atom of the G base along the intermolecular N1H---N1 H-
bond to the N1 nitrogen atom of the A base. The TS* %, gweyma-cew transition state,
stabilized by the N6 'H:--06™ (7.46), N1'H:--06™ (4.21) and N1'H---N1~ (2.96 kcal-mol™") H-
bonds in addition to the strong electrostatic interactions (Table S2), possesses wobble
configuration due to the displacement of the deprotonated G~ base relatively the A” base to the
side of the DNA minor groove. Formed within this route A-G* (w) tautomerised base pair has
shifted configuration and is stabilized by two N6H:--06 (1.64) and O6H---N1 (8.19 kcal-mol™)
H-bonds. Interestingly, that herewith the O6H hydroxyl group of the G* base plays
simultaneously the role of donor, as well as acceptor of the H-bonding (Table 1).

Among two others tautomerisation pathways (Tables 1, 2, S1, S2 and Figs. 1, 2), namely
A-G(WC)—A*-Gy(w) and A-G(WC)—A*-G (W), second of them is extremely slow even in
comparison with the time of the DNA replication in the cell (~10° s [65,66]) and so it does not
have actual biological meaning. The first A-G(WC)—A*-G4(w) tautomerisation process starts
with the migration of the proton localized at the N1 nitrogen atom of the G base along the
intermolecular N1H--*N1 H-bond to the N1 nitrogen atom of the A base. The TS*™¢
AGWC)A*G(w) transition state, stabilized by the N6'H:---06 (2.53), N6'H-"N1™ (4.94),
N1'H--*N1~ (2.29) and NI'H---N2~ (4.88 kcal'-mol’') H-bonds along with the strong
electrostatic interactions (Table S2), as well as tautomerised A*:Gy(w) DNA base mispair,
joined by the N1H-N2 (3.24), N1H:N6 (3.81) and N2H--N6 (3.95 kcal mol™") H-bonds, have
wobble configurations due to the displacement of the deprotonated G~ base relatively the A"
base towards the DNA major groove (Table 1).

The A-G(WC)«A-G*|(w) and A-G(WC)<>A*-Gy(w) tautomerisation reactions are
accompanied by the substantial rebuilding of the long A-G(WC) DNA base mispair from
Watson-Crick to wobble sizes and vice versa that is displayed by the significant changes in its
glycosidic parameters, namely the R(Ho-Ho) glycosidic distances and the a; and a, glycosidic
angles, varying largely without ruptures (Fig. S1). Both transition states of these reactions
represent itself highly polar, highly stable A"-G™ tight ion pairs shifted towards minor or major
DNA grooves, respectively.
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Also we have obtained 11 unique patterns of the specific intermolecular interactions
including AH---B H-bonds and loosened A-H-B covalent bridges consistently replacing each
other together with van der Waals contact during these tautomerisation processes (Fig. 3, Table
3). Two loosened A-H-B covalent bridges that are linked with H-bonds display the common
feature of these transformations. Notably, that in the case of the A-G(WC)«—A-G* (w) pathway
the N6H---O6 H-bond continuously exists along the whole IRC. The N2H---HC2 DH-bond
[11,52] smoothly and without bifurcations transforms into the C2H---N2 H-bond in the course
of the A:G(WC)«~A*-Gy(w) tautomerisation. Formation of the attractive N6---N2 van der
Waals contact precedes the appearance of the N2H:--N6 H-bond during the
A-G(WC)«>A*-Gy(w) route. It has been established that the base pair that tautomerises remains
in the A™-G™ highly polar state, stabilized by rather strong electrostatic interactions, in the wide
range of the IRC (-13.94+4.17 and -13.21+7.13 Bohr for the A-G(WC)«<A-G* (w) and
A-G(WC)«<A*-Gy(w) conversions, respectively) (Fig. 3, Tables 3 and S2).

It is known that one of the necessary conditions for the successful incorporation of the
incorrect DNA base pair into the structure of the DNA double helix is its flatness or (in the case
of the non-planar structure) the ability to adapt its geometry to the planar [56,67,68].

To ensure that considered DNA base mispairs and transition states of their mutagenic
tautomerisation with non-planar structures, involved in the biologically important processes of
tautomerisation through the sequential DPT — namely, A-G(WC), A*-Gy(w), TS
A-GWC)oA*GH(w) and TSA+'G'A.G(WC)H A-G*|(w) — We Investigated their structural non-rigidity, 1.e. the
ability of their mirror-symmetric conformers mutually transform (interconvert) into each other.

It has been found in all cases that the transition states of their interconversion are plane-
symmetric structures, while in the case of the Watson-Crick-like A-G(WC) base mispair and
TS* % s eweyoa-ceyw) — plane complexes (Figs. S2, S3 and Table S3). This interconversion of
the mirror-symmetric conformers of the slightly non-planar A-G(WC) base mispair and TS*™%
A-G(WC)A-G*|(w) transition state is realized by the mechanism of the planar inversion of the amino
fragment of the G base. In all other cases the mechanism of the interconversion is reduced to
the rotation of the amino group of the G base via the plane symmetric transition state, when its
amine nitrogen atom N2 acts as a donor of the H-bonding (Figs. S2 and S3). It is characteristic

that these processes occur without dissociation of the complexes into the monomers. For all

8
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investigated structures their energy of planarization AAGrg 1s considerably less than the energy
of the stacking interactions of the neighboring DNA base pairs [56], and these processes are
quite fast (Tegg,=1.6-10"'-1.2-107 s) (Table S3). This gives us a reason to believe that all
studied structures have every chance to be integrated into the structure of the DNA double

helix.

2. Mutagenic tautomerisation of the short C-T Watson-Crick DNA base mispair.

As in the case of the A-G(WC) mispair, the tautomerisation process of the C-T(WC) DNA
base mispair into the wobble mismatches is also accompanied by the individual transitions of
the C and T bases in its composition into the C* and T* mutagenic tautomeric forms,
respectively. At this four different H-linked wobble C*-T (w), C*Ty(w), C-T* (w) and
C-T*(w) DNA base pairs are formed (Figs. 4 and 5). The C-T(WC)«-C*Ty(w) and
C-T(WC)<>C-T*(w) tautomerisation processes are much faster, than slow
C-T(WC)-C*T|(w) and C-T(WC)-C-T*,(w) transitions (Tables 4 and 5), that make no
biological sense due to the reasons outlined above for the conversion of the A-G(WC)
nucleobase mispair.

It is interesting to note, that the TS“ "' c.qwoyocrw) transition state is stabilized except
two O4 ' H---N4~ (9.90) and N3"H---N4~ (12.79) H-bonds, which are locked on the one and the
same N4~ nitrogen atom, by the attractive N3™--02 (0.48 kcal-mol™) van der Waals contact
(Table 4).

Both of the biologically important C-T(WC)«~C*Ty(w) and C-T(WC)<C-T* (w)
tautomerisation processes are at first initiated by the very fast (199_9%=2.13-10'13 S)
C-T(WC)—C*T*(WC) double proton transfer along intermolecular H-bonds, that was
previously investigated in details [12], followed by the formation of the C*-T*(WC) base pair,
that in both cases is dynamically unstable intermediate (Table 5). Highly polar TS“"™
CHTHWC)oC*Tr(w) and TSC+'T'C*.T*(WC)HC.T*“W) transition states, that are stabilized in addition to
the strong electrostatic interactions by the four N4'H--O4 (4.33), N4'H--N3~ (2.93),
N3*H-N3~ (3.19), N3'H-~+02" (3.25) and two N4'H-+04 (9.06), N3'H--04" (7.52 kcal-mol™)
H-bonds, respectively, is created by the displacement of the deprotonated T~ base relatively the
protonated C* base towards major and minor DNA grooves, correspondingly. Each of the

terminal structures — tautomerised C*-Ty(w) (£C4AN3(C)C2N3(T)=0.0°) and C-T* (w)
9
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(£C4AN3(C)C2N3(T)=34.3°) pairs with wobble geometry involving C* and T* mutagenic
tautomers — are stabilized by two intermolecular N3H---N4 (7.45), N3H---O2 (5.13) and
N4H:--04 (1.00), O4H--N3 (8.16 kcal-mol™") H-bonds, respectively.

Each of the TS®" " cx.psweyocor ) transition state and tautomerised C-T* (w) DNA base
pair, involved in the biologically important process of the C-T(WC)«~C-T* (w) mutagenic
tautomerisation, are united by two intermolecular H-bonds. In the first case, the O4~ oxygen
atom of the T~ base is joint acceptor of the N4 'H:+04  (9.06) and N3 H--04 (7.52 kcal-mol™)
H-bonds. In the latter case, the O4H hydroxyl group of the T* base acts simultaneously as
donor and acceptor of the H-bonding — N4H:--0O4 (1.00) and O4H:"N3 (8.16 kcal-mol") (Table
1).

In fact, the DPT tautomerisation of the biologically important C*-T;(w) nucleobase
mispair into the C-T*,+(w) mismatch (Figs. S4, S5 and Table S4) does not occur, since the last
mispair is dynamically unstable structure and any of its six intermolecular vibrations (21.7,
29.3, 59.8, 77.0, 95.3 and 102.9 cm™) can develop during its lifetime (1=2.06:10" s). The
planar C-T* (w) nucleobase mispair can be successfully incorporated into the structure of the
DNA double helix, since energy of its planarization (AAGrs=4.69 kcal'mol” under normal
conditions (Table S3)) is noticeably smaller than the energy of the stacking interactions
between Watson-Crick DNA base pairs [56].

Both of the C-T(WC)—C*-Ty(w) and C-T(WC)—C-T* (w) tautomerisation reactions, that
are able to cause the C* and T* mutagenic tautomers, occur by the non-dissociative
mechanism. This fact can be easily confirmed by the inseparable character of the profiles of the
R(H;-Hy) glycosidic distances and a,, o, glycosidic angles (Fig. S6).

Another distinguishing feature of these tautomeric conversions is their accompaniment by
the unique patterns of the intermolecular interactions changing each other: 14 specific contacts
including from 2 to 4 H-bonds and single attractive van der Waals contact for the
C-T(WC)«~C*-Ty(w) process and 12 specific contacts, among which there are maximum 2 H-
bonds and single attractive van der Waals contact, for the C-T(WC)«~C-T* (w) process.
Common feature of these sweeps is the sequential interchange between the N4H:--O4 and
O4H---N4 H-bonds with their respective formation and disruption via the N4-H-O4 loosened
covalent bridge (Fig. 6 and Table 6). Simultaneous existence of the N4H:---O4/N3,

10
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N3H---N3/02 H-bonds within IRC=13.71+42.02 Bohr and N4H---O4, N3H---O4 H-bonds
within IRC=14.70+42.02 Bohr for the C-T(WC)-C*Tyw) and C-T(WC)-C-T* (w)
tautomerisation reactions, accordingly, reflects the existence of the highly polar C"-T~ ion pair

(Table 6).

3. Biological implication of the revealed routes of the mutagenic tautomerisation of

the A-G and C-T DNA base mispairs with Watson-Crick shape.

Starting point of the study (now there are already all grounds to consider it as universal in
the field of spontaneous point mutagenesis) is classical Watson-Crick tautomeric hypothesis,
which now is already partially implemented at the level of "molecular phenomenology"
[1,3,69,70].

It is characteristic that for all four biologically important, thermodynamically stable
tautomerised A-G* (w), A*-Gy(w) and C*-Ty(w), C-T* (w) DNA base mispairs their lifetime t
is by many orders greater than the time (several nanoseconds [71]), necessary for the DNA-
polymerase for the forced dissociation of the pairs during DNA replication. Moreover, the
energy of the interaction between bases within these pairs is less (Table S2), than analogical
value for the G-C Watson-Crick DNA base pair (29.28 kcal-mol” [14]). These two facts
together mean that DNA-polymerase is able to successfully dissociate all these mispairs with
the participation of the mutagenic tautomers into the monomers without changing their
tautomeric status. In such a way, the A-G(WC)—A-G*(w), A-G(WC)—A*Gy(w),
C-T(WC)—C*Ty(w) and C- T(WC)—C-T* (w) tautomerisation processes may be responsible
for the generation of the mutagenic tautomers of the canonical DNA bases during DNA
replication and are perfectly acceptable alternatives for the classical Lowdin’s mechanism
[19,20].

Moreover, results obtained in this paper allow us to understand at least at the semi-
quantitative level, in what way the A-G/G-A and C-T/T-C non-equivalent [18] errors are
formed during DNA replication within the framework of the classical tautomeric hypothesis. It
turns out that mutagenic tautomer of each DNA base (A*, G*, C* and T*) belonging to the
template can interact not only with the C, T, A and G DNA bases, accordingly, as it was
previously thought [1,3,69,70], but also with the G, A, T and C bases, respectively, forming

11
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aforementioned wobble A-G* (w), A*-Gy(w), C*Ty(w) and C-T* (w) pairs with all the
consequences arising therefrom.

All shifted thermodynamically stable (AGi,<0 (Table S2)) C*Ty(w), C-T* (w) and
A-G*(w), A*-Gy(w) DNA base mispairs may acquire enzymatically competent conformation
tautomerising directly into the short Watson-Crick-like C-T(WC) base pair or through the
A-G(WC)/G-A(WC) intermediates into the G- Ay, and A*-G*y, pairs [72], respectively.

Conclusions.

It was uncovered for the first time novel mechanism of the mutagenic tautomerisation for
the long A-G(WC) and short C-T(WC) Watson-Crick DNA base pairs. Tautomerisation of each
mispair proceeds via four topologically and energetically different ways through highly stable
transition states - H-bonded tight ion pairs comprising protonated and deprotonated bases.

Non-dissociative tautomerisation process is accompanied by the significant changing of
the binding architecture from the Watson-Crick to wobble geometry both towards the minor, as
well as major DNA grooves and vice versa. In all cases tautomerisation reactions are concerted
and stepwise.

It was established for the first time that fast, biologically important processes of the
mutagenic tautomerisation of the A-G(WC) and C-T(WC) base pairs are initiated by the
transition of the more acidic, imino protons and is determined by the transition states of the
A"-G and C"-T tight ion pair type. On the contrary, moving of the less acidic amino proton
with the formation of the transition states of the A™G" and C T  type causes too slow
mutagenic tautomerisation that has no real biological meaning.

Biological significance of the obtained results is twofold. First, discovered for the first
time phenomenon of the tautomerisation can be the source of the mutagenic tautomers of all
four canonical nucleobases at the DNA replication, since wobble A-G* (w), A*-Gy(w),
C*Ty(w) and C-T* (w) tautomerised pairs meet all necessary for this requirements [71].

Second, these results allow us to understand the basic physico-chemical principles of the
arising of some DNA replication errors caused by random mutagenic tautomerisation of the
nucleotide bases belonging to the template. It becomes clear, in what way wobble C*-T(w),

T*-C(w), A*-G(w) and G*-A(w) pairs (base belonging to the incoming nucleotide is placed on

12
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the right) transform either into the short C-T(WC) and T-C(WC) Watson-Crick base pairs, or
into the long A-G(WC) and G-A(WC) Watson-Crick base pairs. This knowledge is important,
since high-fidelity DNA-polymerase selects base mispairs basing on their ability to acquire
Watson—Crick-like configuration in its active site in the closed conformation state during the
catalytic cycle [73-77]. The process of the acquisition of the enzymatically competent
conformation in the hydrophobic recognition pocket of the high-fidelity DNA-polymerase has
been earlier described by us in details [78].

Overall, elucidation of the novel mechanisms of the DNA bases tautomerisation eventually
gives theoretical background for the experimental observations [73-77], allowing to suppose
that DNA-polymerase is able to make errors due to the formation of the rare tautomers
incorporated into structure of the wrong mispairs mimicking the shape of the canonical Watson-
Crick pairs [79]. So, ultimately these mismatches can be accommodated without obstacles into

the structure of the DNA double helix.
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Table 1. Electron-topological, structural, vibrational and energetic characteristics of the intermolecular H-bonds
and DH-bonds in the DNA base mispairs containing A and G nucleobases and TSs of their tautomerisation via
the sequential DPT and structural displacement of the A and G bases relative each other, energetic and polar
characteristics of the latters obtained at the B3LYP/6-311++G(d,p) level of theory.

AH---B H- _ _
Base pair/TS bond/DH-bond p° Apb 100 di® dyst Adg' ZAH-BE AV Egg  AG Hk

A-G(WC)* N6H---O6 0.032 0.109 3.79 2866 1.842 0.019 176.6 3362 5.68 0.00 521
NIH---N1  0.032 0.084 6.64 2972 1936 0.024 1789 429.1 6.51
N2H---HC2 0.004 0.014 33.40 3.153 2.469 0.00007 124.6 -0.5 0.68*

A-G*(w) N6H:--O6  0.012 0.048 541 3.043 2246 0.004 1346 646 164 376 2.39
O6H--N1  0.047 0.103 4.89 2.695 1.755 0.034 1545 6558 &.19

A-G*y(w) N6H:--N1 ~ 0.023 0.070 6.74 3.083 2.065 0.014 1760 2558 485 6.28 2.87
N2H--N1 ~ 0.024 0.073 7.10 3.061 2.046 0.014 172.6 258.0 4.87

A*Gy(w) NIH--N6  0.020 0.059 6.20 3.087 2.157 0.010 1503 173.1 3.81 14.29 838

N2H:+N6  0.021 0.065 6.58 2.991 2.154 0.011 138.0 183.0 3.95
NIH-N2 0.017 0.051 10.26 3.136 2.230 0.008 147.2 136.7 3.24
TSY % acwooncrw N6H-06  0.048 0.162 572 2.605 1.648 0.034 1502 5512 746 17.01 9.26
NI'H--06  0.029 0.091 10.22 2.800 1.946 0.033 136.4 5123 4.21
NI'H-N1" 0.023 0.072 18.76 3.011 2.045 0.033  152.1 5123 2.96
A*-Gy(w) N1H+06 0.015 0.057 0.81 2.973 2.185 0.005 1329 715 1.85 21.11 9.54
C2H--06  0.009 0.034 2594 3.146 2.488 -0.002 118.0 -294 1.75%
TS™ s coras i N6:H--'O6: 0.018 0.064 72.04 2.945 2.150 0.031 131.6 551.2 2.53 25.29 12.56
N6'H-N1" 0.033 0.091 2.01 2.866 1.904 0.031 1523 5512 494
NI'H-N1" 0.014 0.049 9924 3.131 2324 0.023 133.7 5123 229
NI'H-N2"  0.028 0.076 2.49 2984 1.981 0.023 1502 5123 4.88
TSY s awooaaew O6 H+-N6  0.050 0.090 7.51 2719 1.740 0.055 1589 1005.1 10.25 25.79 5.29
NI'H-N6"  0.068 0.093 7.94 2.642 1.617 0.071 1555 1067.3 10.58
N2'H--N1" 0.024 0.065 7.48 3.063 2.089 0.021 157.3 3458 5.77
TSM acwooarauw O6H-N1" 0.056 0.079 2.79 2715 1.686 0.078 167.3 1330.8 11.86 49.20 12.87
NI'H--N1" 0.021 0.071 16.40 2983 2.106 0.008 143.2 1233 3.01
N2'H-+HC2" 0.005 0.016 36.78 3.083 2.277 0.0004 136.1 10.0 0.85*
*The electron density at the (3,-1) BCP of the H-bond, a.u.
®The Laplacian of the electron density at the (3,-1) BCP of the H-bond, a.u.
“The ellipticity at the (3,-1) BCP of the H-bond
The distance between the A (H-bond donor) and B (H-bond acceptor) atoms of the AH---B H-bond, A
°The distance between the H and B atoms of the AH:--B H-bond, A
"The elongation of the H-bond donating group AH upon the AH:--B H-bonding, A
®The H-bond angle, degree
"The redshift of the stretching vibrational mode v(AH) of the AH H-bonded group, cm
"Energy of the H-bonds, calculated by logansen’s [56] or Espinose-Molins-Lecomte (marked with an asterisk) [53,54]

formulas, kcal'-mol™

IThe relative Gibbs free energy of the complex obtained at the MP2/cc-pVQZ//B3LYP/6-311++G(d,p) level of theory under
normal conditions, kcal-mol”

“The dipole moment of the complex, D

“Data are taken from the work [11].
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caPoEd g B 00 Pl &Y

A-G(WO) TS %" 4. cowe)oaGlam A*-G (W)
(vi=-193.5i cm™)

Fig. 1. Structures corresponding to the stationary points on the reaction pathways of the
(a) A-G(WC)—=A-G* (W), (b) A-G(WC)—=A-G*(w), (¢) A-G(WC)—=A*-Gy(w) and
(d) A-G(WC)«<>A*-G(w) conversions via the sequential DPT obtained at the B3LYP/6-311++G(d,p) level of
theory. Dotted lines indicate AH---B H-bonds and AH---HB DH-bonds (their lengths are presented in
angstroms). Carbon atoms are in light-blue, nitrogen — in dark-blue, hydrogen — in grey and oxygen — in red.
vi — imaginary frequency.
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Fig. 2. Profiles of the relative electronic energy AE of the DNA base mispairs along the IRC of the (a) A-G(WC)«<>A-G*(w), (b) A-G(WC)—A-G*y(wi
(¢) A:G(WC)«<»A*-Gy(w) and (d) A-G(WC)«—A* G (w) tautomerisations via the sequential DPT obtained at the B3LYP/6-311++G(d,p) level of theory.
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Table 2. Energetic and kinetic characteristics of the A-G(WC)<—A-G* (W), A-G(WC)—A -G*(w),
A-G(WC)«=A*-Gy(w) and A-G(WC)«<>A*-G(w) tautomerisations via the sequential DPT obtained at the
different levels of theory for the geometry calculated at the B3LYP/6-311++G(d,p) level of theory (see also
Fig. 1 and Table S1).

Level of theory AG* | AE® |AAGrs® |AAErs® | AAGS | AAE" | 199008

A G(WC)—~A-G* (W)
MP2/6-311++G(2df,pd) 3.27 570 | 16.88 | 16.94 | 13.60 | 11.24 | 9.71-107
MP2/6-311++G(3df,2pd) | 3.63 6.06 | 16.79 | 16.86 | 13.16 | 10.79 | 4.60-10°
MP2/cc-pVTZ 3.88 631 | 17.73 | 17.79 | 13.84 | 11.48 | 1.45-107
MP2/cc-pVQZ 3.76 6.19 | 17.01 | 17.07 | 13.25 | 10.88 | 5.31-10°
A G(WC)—~A-G*(w)
MP2/6-311++G(2df,pd) 6.14 7.34 | 25.48 | 25.37 | 19.34 | 18.03 1.52-10°
MP2/6-311++G(3df,2pd) | 6.36 7.56 | 2597 | 25.86 | 19.61 | 18.29 | 2.37:10°
MP2/cc-pVTZ 6.34 7.54 | 2535 | 25.23 | 19.01 | 17.69 1.15-10
MP2/cc-pVQZ 6.28 7.48 | 2579 | 25.68 | 19.51 | 18.20 | 2.02:10°
A G(WC)—A*-Gy(w)
MP2/6-311++G(2df,pd) 14.16 [13.96| 24.95 | 24.05 | 10.79 | 10.09 | 8.45-10
MP2/6-311++G(3df,2pd) | 14.11 |13.91| 25.01 | 24.11 | 10.90 | 10.20 1.02-10™
MP2/cc-pVTZ 14.03 | 13.83 ] 25.46 | 24.56 | 11.43 | 10.73 | 2.49-10"
MP2/cc-pVQZ 1429 |14.09| 2529 | 2439 | 11.00 | 10.30 | 1.21-10"
A G(WC)—A*-G (W)
MP2/6-311++G(2df,pd) | 21.01 |22.54 | 49.23 | 49.70 | 28.22 | 27.16 | 4.66- 10°
MP2/6-311++G(3df,2pd) | 20.73 |22.26 | 48.94 | 49.41 | 28.21 | 27.15 | 4.57- 10°%
MP2/cc-pVTZ 21.39 [22.92 | 49.53 | 50.00 | 28.14 | 27.08 | 4.05-10°
MP2/cc-pVQZ 21.11 | 22.6 | 49.20 | 49.67 | 28.08 | 27.02 | 3.67-10°
“The Gibbs free energy of the product relatively the reactant of the tautomerisation reaction (T=298.15 K), kcal-mol’’

®The electronic energy of the product relatively the reactant of the tautomerisation reaction, kcal-mol”

“The Gibbs free energy barrier for the forward reaction of tautomerisation, kcal-mol™

The electronic energy barrier for the forward reaction of tautomerisation, kcal-mol™

“The Gibbs free energy barrier for the reverse reaction of tautomerisation, kcal-mol’

"The electronic energy barrier for the reverse reaction of tautomerisation, kcal-mol™

£The time necessary to reach 99.9%of the equilibrium concentration between the reactant and the product of the
tautomerisation reaction, s

See also summary Table S1 for the Gibbs and electronic energies of the mispairs and TSs relatively the global minimum
— the long Watson-Crick-like A-G(WC) DNA base mispair.
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Fig. 3. Exchange of the patterns of the intermolecular AH---B H-bonds (their energies Eay... are estimated by the EML formula at the (3,-1) BCPs) along the IRC
of the (a) A-G(WC)<~A-G*|(w) and (b) A-G(WC)—A*-Gy(w) biologically important tautomerisations via the sequential DPT obtained at the B3LYP/6-

311++G(d,p) level of theory (see Tables 1 and 3).
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Table 3. Patterns of the intermolecular interactions including AH---B H-bonds and loosened A-H-B
covalent bridges that sequentially replace each other along the IRC of the A-G(WC)<—A-G*(w) and
A-G(WC)«<>A*-Gy(w) biologically important tautomerisations via the sequential DPT and their ranges of the
existence obtained at the B3LYP/6-311++G(d,p) level of theory (see Figs. 1-3).

Patterns | IRC range, Bohr Intermolecular interactions, forming patterns
A-G(WC)—A-G* (W)

I [-28.96+-21.06) (A)N6H:--06(G), (G)N1H--N1(A), (G)N2H---HC2(A)
II [-21.06+-14.44) (A)N6H---06(G), (G)NI1H---N1(A), (A)C2H---N2(G)
i [-14.44+-13.94) (G)N1-H-N1(A), (A)N6H---06(G), (A)C2H:--N2(G)
v [-13.94+-3.39) (A)N6H---06(G), (A)N1H:--N1(G), (A)C2H---N2(G)
A% [-3.39+-2.74) (A)N6H:--06(G), (A)N1H---N1(G)

VI [-2.74+1.17) (A)N6H:--06(G), (A)N1H---N1(G), (A)N1H---06(G)

VII [1.17+3.39) (A)N6H:--06(G), (A)N1H---06(G)

VI [3.39+4.17) (A)N6H:--06(G), (A)N1H---06(G), (A)C2H---N2(G)
IX [4.17+4.69) (A)N1-H-06(G), (A)N6H:--06(G), (A)C2H---N2(G)
X [4.69+17.54) (G)O6H:-"N1(A), (A)N6H:--06(G), (A)C2H---N2(G)
XI [17.54+20.80] (G)O6H:--N1(A), (A)N6H:---06(G)

A-G(WC)—A*-G(W)

I [-24.61+-13.75) (A)N6H---06(G), (G)N1H---N1(A), (G)N2H---HC2(A)
11 [-13.75+-13.21) (G)N1-H-N1(A), (A)N6H:--06(G), (G)N2H---HC2(A)
111 [-13.21+-5.96) (A)N6H---06(G), (A)N1H---N1(G), (G)N2H---HC2(A)
v [-5.96+-4.50) (A)N6H:--06(G), (A)N1H---N1(G)

A% [-4.50+-3.04) (A)N6H:--06(G), (A)N1H---N1(G), (A)N1H---N2(G)
VI [-3.04+0.45) (A)N6H---06(QG), (A)N6H--N1(G), (A)N1H---N1(G), (A)N1H---N2(G)
Vil [0.45+7.13) (A)N6H---N1(G), (A)N1H:--N2(G)
VI [7.13+7.55) (AN6-H-N1(G), (A)NIH---N2(G)

IX [7.55+17.80) (G)N1H--"N6(A), (A)N1H:--N2(G)

X [17.80+19.25) (G)N1H:--N6(A), (A)N1H---N2(G), (A)N6---N2(G)
XI [19.25+28.57] (G)N1H---N6(A), (A)N1H --N2(G), (G)N2H---N6(A)
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Table 4. Electron-topological, structural, vibrational and energetic characteristics of the intermolecular H-bonds and
vdW contacts revealed in the DNA base mispairs containing C and T nucleobases and TSs of their mutual
transformations via the sequential DPT and structural displacement of the C and T bases relative each other,
energetic and polar characteristics of the latters obtained at the B3LYP/6-311++G(d,p) level of theory.

AH-BH-  p*  4p° 1006 dys dys® Adyd ZAH-B ' Eugego. 4G pf

Base pair/TS bond/A-B g ON
vdW contact

C-T(WC)* N4H--04 0.031 0.108 348 2.873 1.851 0.016 174.8 2873 519 0.00 4.05
N3H-N3  0.028 0.078 6.50 3.001 1974 0.024 170.1 408.2 6.33
02--02 0.002 0.008 21.46 3.730 - - - - 0.32%

C*-Ty(w) N3H-+N4  0.039 0.095 6.30 2.877 1.838 0.032 1724 5494 745 052 1.08
N3H--02 0.028 0.100 431 2906 1.882 0.017 173.0 282.1 5.13

C*T(w) N3H--04 0.027 0.097 2.86 2912 1902 0.016 166.8 2551 484 3.08 0.54
N3H--02 0.029 0.106 3.75 2.878 1.860 0.017 169.6 277.0 5.08

C-T*0n(W) N4H--N3  0.038 0.097 7.66 2.874 1.849 0.027 170.5 4856 697 625 2.06
O2H-*N3  0.059 0.093 5.52 2.684 1.659 0.058 175.8 1088.0 10.68

TScxT1(wyrCT*02(w) N4H--N3  0.060 0.097 6.07 2.728 1.666 - 172.6 - 11.49** 6.67 5.08

CHTHWO): O4H-*N4  0.066 0.096 4.69 2.637 1.611 0.060 173.9 1129.2 10.89 9.13 398
N3H-*N3  0.029 0.081 6.32 2974 1959 0.024 1659 409.7 6.34
02--02 0.002 0.008 26.46 3.744 - - - - 0.30*

TSC.T(WC)HC*.T*(WC)ﬁ N3H-N3  0.052 0.092 595 2781 1728 - 167.6 - 9.67** 953 586
02--02 0.002 0.009 17.67 3.639 - - - - 0.41*

C-T*,(w) N4H--04 0.012 0.042 23.47 3.120 2.312 0.003 1362 492 1.00 12.05 7.36
O4H--N3  0.045 0.099 329 2727 1774 0.034 1572 651.6 8.16

C-T* (W) O4H-“N4  0.026 0.074 6.84 2.966 2.002 0.013 1663 2668 497 15.69 7.10

N4H--N3  0.015 0.050 17.23 3.032 2316 0.010 1264 143.1 3.35

N4'H-04  0.032 0.097 523 2821 1.866 0.033 150.5 523.7 433 17.03 8.32
N4'H-~N3" 0.024 0.081 30.73 2913 2.040 0.033 1394 523.7 293
N3'H-~N3" 0.020 0.064 15.00 3.014 2.138 0.027 140.1 421.0 3.19
N3'H-02" 0.020 0.061 14.61 3.054 2.078 0.027 154.8 421.0 3.25

C+T-
TS C* THWC)C* TH(wW)

TS T ey Ty N4'H-04 0.062 0.174 542 2538 1.558 0.049 1512 793.2 9.06 26.62 12.16
N3'H--04" 0.036 0.105 5.12 2.731 1.840 0.036 140.1 559.9 7.52

O4'H--N4" 0.037 0.082 3.70 2.765 1.837 0.059 1483 957.5 5.82 3439 592
O4'H-N3" 0.027 0.079 27.99 2.848 1.982 0.059 140.1 957.5 4.18
N3'H-~N3" 0.018 0.067 131.66 2.977 2.175 0.039 131.1 618.5 2.55
N3'H--02" 0.035 0.094 0.92 2.854 1.835 0.039 161.1 618.5 5.38

C--T+
TS CT(WC)C* T (w)

T+ O4'H-N4" 0.054 0.107 6.50 2.615 1.678 0.051 150.7 940.9 9.90 46.74 10.54
TS™  caworseraiw N3'H-~N4" 0.086 0.046 5.77 2.617 1.531 0.136 1543 1541.6 12.79
02"-N3"  0.003 0.010 118.00 3.684 - - - - 0.48%*

See designations in Table 1.
Energies of the H-bonds estimated by Nikolaienko—Bulavin—Hovorun formula [55] are denoted by double asterisk.
“Data are taken from the work [12].
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C.T(WC) TSCT(WC)HC*T*(WC) C*.T*(WC)
(vi=-701.8i cm™)
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1.866

C*T*(WC) TSC+.T-C*'T*(WC)<—>C*~TT(w) C*'TT(W)
(vi=-140.4i cm™)

C*T*(WC) TSC+'T-C*'T*(WC)<—>C-T*l(w) CT*l(W)
(vi=-55.8i cm™)
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()

C-T(WC) TS crweyoceTimw C*Ty(w)
(vi=-344.8i cm™)
(e

C-T(WC) TS crweyo s C-T*y(w)
(vi=-735.9i cm™)

Fig. 4. Structures corresponding to the stationary points on the reaction pathways of the
(a) CT(WC)=C* - T*(w), (b) C* T*(WC)=>C*-Ty(w), (¢) C* T*(WC)<=C-T* (W), (d) C-T(WC)-=C*-T (W)
and (e) C-T(WC)«C-T*(w) conversions via the sequential DPT obtained at the B3LYP/6-311++G(d,p) level
of theory. Dotted lines indicate AH---B H-bonds and attractive A---B van der Waals contacts (their lengths
are presented in angstroms). Carbon atoms are in light-blue, nitrogen — in dark-blue, hydrogen — in grey and
oxygen — in red. v; — imaginary frequency.
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Fig. 5. Profiles of the relative electronic energy AE of the DNA base mispairs along the IRC of the (a) C-T(WC)<-C*Ty(w), (b) C-T(WC)-C-T* (W),
(¢) C-T(WC)«»C* T (w) and (d) C-T(WC)«>C-T*(w) tautomerisations via the sequential DPT obtained at the B3LYP/6-311++G(d,p) level of theory.
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Table 5. Energetic and kinetic characteristics of the C-T(WC)—C*-T*(w), C*T*(WC)-C*Ty(w),
C*T*(WC)=C-T*(w), CT(WC)-C*Ty(w) and CT(WC)-C-T*y(w) tautomerisations via the
sequential DPT of the C and T bases obtained at the different levels of theory for the geometry calculated at
the B3LYP/6-311++G(d,p) level of theory (see also Fig. 4 and Table S1).

Level of theory AG® AE° AAGTs® [AAETs! | AAGS | AAE" | 19008
CT(WC)—C*T*(WC)
MP2/6-311++G(2df,pd) 8.97 8.81 9.08 | 1091 | 0.11 | 2.10 [1.31-107"°
MP2/6-311++G(3df,2pd) 9.24 9.08 954 | 11.37 | 030 | 2.29 [1.84-107"
MP2/cc-pVTZ 8.82 8.66 936 | 11.19 | 0.54 | 2.53 [2.70-10
MP2/cc-pVQZ 9.15 8.99 955 | 11.38 | 0.40 | 2.39 [2.13-107"
C#*- T*(WC)—C*T(W)
MP2/6-311++G(2df,pd) -8.31 -8.17 838 | 17.02 | 16.69 | 25.18 | 1.52:10°
MP2/6-311++G(3df,2pd) -8.68 -8.54 7.88 | 835 | 16.56 | 16.89 | 6.61-107
MP2/cc-pVTZ -8.40 -8.25 854 | 9.01 | 16.94 | 17.27 | 2.01-10°
MP2/cc-pVQZ -8.59 -8.44 7.90 | 837 | 16.48 | 16.81 | 6.76:107
C#* - T*(WC)—C-T* (W)
MP2/6-311++G(2df,pd) 2.87 5.53 17.74 | 16.58 | 14.87 | 11.05 [8.89-107
MP2/6-311++G(3df,2pd) 2.86 5.53 17.44 | 16.28 | 14.57 | 10.75 | 5.39-107
MP2/cc-pVTZ 3.23 5.90 1832 | 17.17 | 15.09 | 11.27 | 1.30-10
MP2/cc-pVQZ 2.92 5.58 17.49 | 16.33 | 14.57 | 10.75 | 5.38-107
C-T(WC)—C*-T (W)
MP2/6-311++G(2df,pd) 3.31 3.42 3441 | 35.70 | 31.10 | 32.28 [6.49-10™
MP2/6-311++G(3df,2pd) 2.97 3.09 3423 | 35.52 | 31.26 | 32.43 |8.45-10"
MP2/cc-pVTZ 3.09 3.20 34.66 | 35.95 | 31.57 | 32.75 | 1.44-10"
MP2/cc-pVQZ 3.10 3.22 34.40 | 35.70 | 31.30 | 32.48 | 9.09-10™
C-T(WC)—C-T*(w)
MP2/6-311++G(2df,pd) 15.60 16.97 46.51 | 47.72 | 30.91 | 30.75 | 3.52:10"
MP2/6-311++G(3df,2pd) 15.88 17.26 46.87 | 48.08 | 30.99 | 30.83 | 4.00-10™
MP2/cc-pVTZ 15.64 17.02 46.66 | 47.87 | 31.01 | 30.86 | 4.20-10™
MP2/cc-pVQZ 15.70 17.07 46.76 | 47.97 | 31.06 | 30.90 | 4.55-10™

*The Gibbs free energy of the product relatively the reactant of the tautomerisation reaction (T=298.15 K), kcal-mol’’
®The electronic energy of the product relatively the reactant of the tautomerisation reaction, kcal-mol”

“The Gibbs free energy barrier for the forward reaction of tautomerisation, kcal-mol™

The electronic energy barrier for the forward reaction of tautomerisation, kcal-mol™

*The Gibbs free energy barrier for the reverse reaction of tautomerisation, kcal-mol’

"The electronic energy barrier for the reverse reaction of tautomerisation, kcal-mol™

¥The time necessary to reach 99.9%of the equilibrium concentration between the reactant and the product of the
tautomerisation reaction, s

See also summary Table S1 for the Gibbs and electronic energies of the mispairs and TSs relatively the global
minimum — the short C-T(WC) Watson-Crick DNA base mispair.
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Fig. 6. Exchange of the patterns of the intermolecular AH---B H-bonds (their energies Eay...5 are estimated by the EML formula at the (3,-1) BCPs) along
the IRC of the (a) C-T(WC)«-C*-Ty(w) and (b) C-T(WC)«—C-T*|(w) biologically important tautomerisations via the sequential DPT obtained at the
B3LYP/6-311++G(d,p) level of theory (see Tables 4 and 6).
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Table 6. Patterns of the intermolecular interactions including AH---B H-bonds and loosened A-H-B covalent
bridges that sequentially replace each other along the IRC of the C-T(WC)«»C*-Ty(w) and C-T(WC)-C-T* (W)
biologically important tautomerisations via the sequential DPT and their ranges of the existence obtained at the

B3LYP/6-311++G(d,p) level of theory (see Figs. 4-6).

Patterns IR(];;?Ege’ Intermolecular interactions, forming patterns
C-T(WC)—C*Ty(w)
I [-9.30+-3.55) (C)N4H:--O4(T), (T)N3H:---N3(C), (C)O02---02(T)
I [-3.55+-3.12) (C)N4H:--04(T), (T)N3-H-N3(C), (C)02---02(T)
ar | [-3.12+-0.05) (C)N4H:--04(T), (C)N3H:--N3(T), (C)O02---02(T)
v [-0.05+0.32) (C)N4-H-O4(T), (C)N3H:---N3(T), (C)02---02(T)
\Y% [0.32+8.32) (T)O4H:--N4(C), (C)N3H---N3(T), (C)02---02(T)
VI [8.32+13.71) (T)O4-H-N4(C), (C)N3H:---N3(T), (C)02---02(T)

VII | [13.71+14.70) (C)N4H:--04(T), (C)N3H---N3(T), (C)02---02(T)

VII | [14.70+19.47) (C)N4H:--04(T), (C)N3H:--N3(T), (C)N3H:--02(T), (C)02---02(T)
IX [[19.47+23.29)[ (C)N4H:--O4(T), (C)N4H:--N3(T), (C)N3H:---N3(T), (C)N3H---0O2(T), (C)02---02(T)
X 1[23.29+42.02) (C)N4H:--04(T), (C)N4H:--N3(T), (C)N3H---N3(T), (C)N3H:--O2(T)
XI | [42.02+42.44) (C)N4H:--04(T), (C)N4H:--N3(T), (C)N3H:--O2(T)

XII | [23.29+42.02) (C)N4H:---N3(T), (C)N3H:--02(T)

XII | [42.02+42.44) (C)N4-H-N3(T), (C)N3H---02(T)

XIV | [42.44+48.95] (T)N3H---N4(C), (C)N3H---02(T)

C-T(WC)—C-T* (W)

I [-9.30+-3.55) (C)N4H:--O4(T), (T)N3H:---N3(C), (C)O02---02(T)
I [-3.55+-3.12) (C)N4H:--04(T), (T)N3-H-N3(C), (C)02---02(T)
ar | [-3.12+-0.05) (C)N4H:--04(T), (C)N3H:--N3(T), (C)02---02(T)
v [-0.05+0.32) (C)N4-H-O4(T), (C)N3H:--N3(T), (C)O2---0O2(T)
v [0.32+8.32) (T)O4H:--N4(C), (C)N3H:--N3(T), (C)02---02(T)
VI [8.32+13.71) (T)O4H:--N4(C), (C)N3H:---N3(T)
VII | [13.71+14.70) (T)O4-H-N4(C), (C)N3H---N3(T)

VII | [14.70+19.47) (C)N4H:--O4(T), (C)N3H:---N3(T)

IX |[19.47+23.29) (C)N4H:---04(T), (C)N3H---O4(T), (C)N3H---N3(T)
X 1[23.29+42.02) (C)N4H:---O4(T), (C)N3H---O4(T)
XI | [42.02+42.44) (C)N4H:--04(T), (C)N3-H-04(T)
XII | [42.44+48.95] (C)N4H:---04(T), (T)O4H---N3(C)
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